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Diamine-appended metal–organic frameworks (MOFs) of the form Mg2(dobpdc)(diamine)2 adsorb
CO2 in a cooperative fashion, exhibiting an abrupt change in CO2 occupancy with pressure or
temperature. This change is accompanied by hysteresis. While hysteresis is suggestive of a first-
order phase transition, we show that hysteretic temperature-occupancy curves associated with this
material are qualitatively unlike the curves seen in the presence of a phase transition; they are
instead consistent with CO2 chain polymerization, within one-dimensional channels in the MOF, in
the absence of a phase transition. Our simulations of a microscopic model reproduce this dynamics,
providing physical understanding of cooperative adsorption in this industrially important class of
materials.
I. INTRODUCTION
Metal–organic frameworks (MOFs) are porous, crys-
talline materials with large internal surface areas, and
have been studied extensively as adsorbents for gas
storage and separations [1–3]. The recently-developed
MOFs Mg2(dobpdc)(diamine)2 are particularly promis-
ing in this regard because they exhibit cooperative ad-
sorption, in which a conveniently small change in pres-
sure or temperature results in an abrupt change in the
quantity of CO2 adsorbed by the framework [4–6]. In
a majority of cases, cooperative adsorption results from
a guest-induced phase transition or dynamic rearrange-
ment of the MOF structure, or a phase transition of
the adsorbed gas [7–13]. However, gas adsorption in
the diamine-appended MOFs proceeds through a one-
dimensional chemical reaction. As described in Ref. [5],
proton transfer and nucleophilic attack of N on a CO2
molecule forms an ammonium carbamate species, and
induces a chain reaction that leads to the cooperative in-
sertion of CO2 into the metal-amine bonds. The result is
a chain of ammonium carbamate formed along the pore
axis. The one-dimensional nature of this process, and the
physics of one-dimensional phenomena, suggests that co-
operative gas uptake in diamine-appended Mg2(dobpdc)
materials occurs in the absence of a phase transition [14].
Clarifying this issue is important in order to establish a
microscopic understanding of cooperative gas uptake.
In previous work [15] we used a statistical me-
chanical model of CO2 adsorption within the MOFs
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Mg2(dobpdc)(diamine)2 to show that the process of am-
monium carbamate chain formation is associated with
cooperative thermodynamics consistent with experimen-
tal data. That work provided evidence for the claim
that a phase transition does not need to occur in this
class of materials in order to observe cooperative bind-
ing. In this paper we study the dynamics of cooperative
adsorption in the representative diamine-appended MOF
e-2–Mg2(dobpdc) (e-2 = N -ethylethylenediamine). We
show that dynamics, in the form of the hysteresis seen
in temperature-occupancy curves, also indicates that co-
operative adsorption occurs in the absence of a phase
transition.
Hysteresis, a memory of the prior state of the system, is
indeed normally associated with a first-order phase tran-
sition, which involves a discontinuous change of an order
parameter (e.g. gas occupancy) with a control parame-
ter (e.g. temperature). In that scenario, hysteresis arises
from the slow dynamics of nucleation, i.e. the potentially
long time required for thermal fluctuations to produce a
nucleus of the stable phase (during which time the sys-
tem remains “stuck” in its initial state) [16, 17]. However,
hysteresis results more generally whenever a system’s or-
der parameter changes less rapidly than its control pa-
rameter, and so can also arise in the absence of a phase
transition. For instance, force-extension curves for DNA
stretching display hysteresis associated with the slow de-
tachment of the two strands of the helix [18–21]. Here we
present experimental and simulation data showing that
the nature of hysteresis in temperature-occupancy data
for CO2 in e-2–Mg2(dobpdc) is consistent with CO2 poly-
merization in the absence of an underlying phase transi-
tion. Our work provides a link between microscopic mod-
els of gas adsorption and experimental data, and provides
fundamental understanding of a phenomenon of experi-
mental and industrial importance.
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FIG. 1. ??Let’s put arrows on all three black curves in
(a) and (b)?? (a) Adsorption (right) and desorption (left)
curves in the presence of a first-order phase transition; panel
(c) shows associated free-energy profiles. The black dashed
line in panel (a) shows an ‘early stop’ desorption curve initi-
ated from partway up the adsorption curve: this desorption
curve decreases monotonically as we move left on the figure,
because the large timescale required to access the stable state
prevents the curve from moving upwards to the point cor-
responding to the global free-energy minimum. (b) By con-
trast, desorption curves in the absence of a first-order phase
transition are non-monotonic, because the system can evolve
toward the global free-energy minimum on the timescale of
observation; panel (d) shows associated free-energy profiles.
The colored vertical lines in panels (a) and (b) correspond
to the similarly-colored profiles in panels (c) and (d), respec-
tively.
ture of gas adsorption in amine-appended MOF’s, the ab-
sence of any e↵ective long-range interactions ........ The 1-
dimensional nature of gas adsorption in amine-appended
MOF’s, the absence of any e↵ective long-range inter-
actions between the gas molecules and the absence of
any significant structural change to the framework upon
CO2 loading dictates that no phase transitions can oc-
cur [7]. The underlying FE landscape therefore has a
single global minimum at all temperatures as shown in
the right panel of the schematic in Fig. 1d and the origin
of hysteresis cannot be thermodynamic. Yet experimen-
tal measurements of isobars in amine-appended MOF’s
show hysteresis. Below we describe how scanning curve
measurements help resolve this issue.
It was observed experimentally that the amine ap-
pended MOFs display adsorption hysteresis i.e. the sys-
tem exhibits two di↵erent values of CO2 loading for the
same temperature(or pressure) depending on its history.
The presence of hysteresis in ordered porous materials
is typically attributed to an underlying first-order (or
rounded) phase-transition[14, 15] between i) an adsorbed
dilute phase and a condensed phase or ii) in case of flex-
ible frameworks between two di↵erent crystal structures
[8, 9].
Adsorption isobars and Scanning curves— An adsorp-
tion isobar is measured by exposing an almost empty
framework to gas at a fixed temperature and pressure
for a finite observation time. This process is repeated at
di↵erent temperatures until the framework in nearly sat-
urated to get the adsorption loop of the boundary curve.
Upon reaching almost full loading the sign of tempera-
ture change at each step is reversed to get the desorption
branch. Scanning curves are similar to isobars except
that the sign of temperature change is reversed at par-
tial loading of the framework [22, 26].
Problem??The 1-dimensional nature of gas adsorption
in amine-appended MOFs, the absence of any e↵ective
long-range interactions between the gas molecules and
the absence of any significant structural change to the
framework upon CO2 loading dictates that no phase tran-
sitions can occur [7]. The underlying FE landscape there-
fore has a single global minimum at all temperatures as
shown in the right panel of the schematic in Fig. 1d and
the origin of hysteresis cannot be thermodynamic. We
use kinetic Monte Carlo (KMC) simulations and experi-
ments to reveal the origin of hysteresis in the absence of
a phase transition in amine-appended MOFs.
In panels a) and c) of figure Fig. 2 we present adsorp-
tion isobars and desorption scanning curves measured ex-
perimentally. Details of the experiments and synthesis
protocols of the framework are described in the appendix
C. In panels b) and d) of Fig. 2 we show results from
KMC simulations of the 1D equilibrium polymerization
model (for details see appendix A). The scanning curves
for the amine appended MOFs (see Figs. 2 a) and b))
have a unique shape due to the nature of the underlying
FE landscape which has a single well for all values of the
external field ( see 1 d ). During a scanning curve mea-
surement the system relaxes to the unique global min-
imum indicated by the black line, resulting in the non
monotonic shape with a maxima when it intersects with
the equilibrium value of the loading. Moreover as evident
from figures 2 c) and d) changes to the experimental ob-
servation times or ramp rates result in a clear shift in the
measured adsorption isotherm. The simulation results
show remarkable qualitative agreement with the experi-
ments.
Origin of hysteresis The hysteresis observed in ex-
periments is due to the large relaxation times near the
crossover region of the adsorption isobar and our simu-
lations reveal the cause to be the slow dynamics of the
chain formation. In the uptake experiments on fig. 2 the
state of the system is controlled by the field variables  µ
and  , when µ is the chemical potential and   is inverse
temperature. In the linear response regime the resistance
o↵ered by the system to perturbations in   is given by
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FIG. 1. Schematic adsorptio -desorption in the presence and
absence of a phase transition. (a) Generic adsorption (up
arrow) and desorption (down arrow) curves, in an occupancy
ρ versus t mperature T representati n, in the presence of a
first-order phase transition. Panel (c) shows the associated
free-energy (∆G) profiles. The black dashed line in panel
(a) shows an “early stop” desorption scanning curve initiated
from partway up the adsorption curve: this desorption curve
decreases monotonically as we move l ft on the figure, because
the large timescale required t access the stable state prevents
the curve from moving upwards to the point corresponding to
the global free-energy minimum. (b) By contrast, desorption
curves in the absence of a first-order phase transition are non-
monotonic, because the system can evolve toward the global
free-energy minimum on the timescale of observation; panel
(d) shows associated free-energy profiles. The colored vertical
lines in panels (a) and (b) correspond to the similarly-colored
profiles in p nels (c) and (d), respectiv ly.
II. RESULTS
A. Qualitative overview of hysteresis in gas-uptake
data
To provide a basis for our claim we summarize in
Fig. 1(a,c) the canonical case of hysteresis accompany-
ing a first-order phase trans tio . In p nel ( ) w show
typical adsorption-de orption curves [22] for an ordered
porous material with a narrow pore-size distribution, as
a function of temperature T , for the case in which the ad-
sorbate or framework undergoes a first-order phase tran-
sition (or a “rounded” transition if the system is of finite
size [23]). In panel (c) we show the accompanying free-
energy landscape for a single pore [16, 17].
The origin of hysteresis in this scenario is the slow dy-
namics of nucleation: we must wait for a thermal fluctua-
tion to generate a nucleus of the stable phase. Near phase
coexistence the nucleation time is large, and can there-
fore exceed the experimental observation time. However,
the system retains the ability to relax to the local or
metastable equilibrium as T is varied [24]. This separa-
tion of timescales can be identified by “early stop” des-
orption scans, initiated partway up the adsorption curve.
One such example is shown as a black dashed line in
panel (a). As T increases (mo ing left on the figure) the
adsorbate lo ding (dashed line) decreas s monotonically:
pores that are empty when the desorption scan begins
remain so as the scan proceeds [25–29] (see e.g. Fig. 17
of Ref. [17]). Materials that display adsorption hysteresis
due to an underlying structural transition show similar
behavior [30].
By contrast, we expect early-stop desorption experi-
ments in the absence of a phase transition to behave as
shown in Fig. 1(b). The associated free-energy surface,
shown in panel (d), has a single minimum under all con-
ditions, and the syst m s ould be ab to evolve in the
direction of this minimum on the timescale of the exper-
iment. The result is a non-monotonic early-stop desorp-
tion curve.
B. Experimental data are consistent with the
absence of a phase transition
In Fig. 2(a) we show experim ntal adsorption and des-
orption curves for CO2 in the representative diamine-
appended MOF e-2–Mg2(dobpdc); experimental details
are given in Appendix A. In the figure we also show
early-stop desorption curves (dotted lines) obtained by
revers g the temperature scan partway up the adsorp-
tion curve. These curves behave accor ing to the scenario
shown in panel (b) of Fig. 1: the dynamics of coopera-
tive adsorption in this MOF are qualitatively consistent
with loading that proceeds in the absence of a phase
tra sition. S milar non-monoto ic behav or of the des-
orption curve is predicted to ccur when diffusion of gas
molecules within the framework is much slower than ex-
perimental timescales [31]; however, measured diffusion
rates within our system [32] rule out this alternative sce-
nario.
C. Simulations provide a microscopic
understanding of experimental observations
In Fig. 2(b) we show analogous data obtained from
dynamic simulations of the statistical mechanical model
of Ref. [15]. This model reproduces the cooperative ad-
sorption of CO2 within the diamine-appended MOFs by
considering the polymerization of ammonium carbamate
chains along the pore direction. Our prior analysis of the
model indicates that an abrupt (but finite) increase of
the mean length of polymerized CO2 chains with tem-
perature gives rise to a step-like isotherm in the absence
of a phase transition. The associated adsorption curves
agree qualitatively and semi-quantitatively with experi-
mental data [15]. Here we present the model’s dynamical
behavior, and show that it too is consistent with experi-
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FIG. 2. Early-stop desorption scanning curves for (a) CO2 occupancy ρ in the MOF e-2–Mg2(dobpdc) and (b) our simulation
model of the same are consistent with Fig. 1(b): the qualitative nature of hysteresis indicates the absence of a phase transition
in this MOF. Tstop is the temperature at which the scanning curve is reversed. Arrows point in the direction of the scanning
curve. The insets to both panels show the gradients of the scanning curves, which change sign. In panel (b), T ? ≡ kBT/,
where  = 22.6 kJ/mol is a basic unit of energy. The basic unit of simulation time is determined in Appendix B.
mental data: the simulations of Fig. 2(b) are qualitatively
consistent with the experiments of Fig. 2(a), and with
the mechanism summarized by Fig. 1(b). Simulation re-
sults are averaged over 120 independent trajectories; er-
ror bars are smaller than the thickness of the lines. For
computational efficiency we performed simulations at a
higher temperature range (540−750 K) than experiments
(≈ 380− 420 K). The solid line marked “equilibrium” in
Fig. 2(b) is obtained by transfer-matrix calculation, while
the colored lines are obtained by dynamical simulation.
We show in Fig. A1 that varying the rates of temper-
ature scan in experiment and simulation do not qualita-
tively change the scenario presented: in both cases, scan-
ning temperature more slowly causes hysteresis loops to
narrow, approaching (but not reaching) the equilibrium
isobar. These changes are seen for any variation in scan
rate, further supporting the picture we are presenting:
modifying the hysteresis resulting from an underlying
phase transition requires large changes in scan rate. (We
also verified that simulations of the model reveal simi-
lar hysteretic behavior in uptake vs chemical potential
curves at constant temperature; see Fig. A2.).
Microscopic understanding of this phenomenon can
be obtained by considering in more detail the model,
sketched in Fig. 3(a). The model is a representation of
a one-dimensional channel of a diamine-appended MOF.
The degrees of freedom of the model relate to the CO2
binding states of the appended diamines, and we distin-
guish between CO2 molecules bound singly or as part
of a polymerized chain. The energetic parameters of
the model are chosen to represent Mg metal sites, and
the dynamics of the model is propagated using a stan-
dard continuous-time Monte Carlo scheme [33]; details
are given in Appendix B.
The model reveals that hysteresis results from the
“flatness” of the free-energy landscape near the inflec-
tion point of the isotherm. In Fig. 3(b) we show the
equilibrium isobar of the model (gray), together with a
measure of the basic collective timescale of the system
(red) and a measure of the curvature of the free-energy
surface (blue). The timescale is determined by changing
pressure abruptly and measuring the rate of the system’s
relaxation to equilibrium (Appendix B). The measure of
free-energy curvature, λ, is the smallest eigenvalue of the
Hessian matrix of the free energy expressed as a func-
tion of occupancies of CO2 in various binding states (see
Appendix C). Near the inflection point of the isobar the
system possesses a free-energy landscape that is almost
flat, with no strong thermodynamic driving force for CO2
chains to grow or shrink. As a result, the relaxation time
of the system is long, giving rise to hysteresis in the rep-
resentation of Fig. 2.
The flatness of the free-energy landscape near the in-
flection point of the isotherm results in a slow diffusive
dynamics of ammonium carbamate chain growth and
shrinkage. In Fig. 4 we show a space-time plot of the
model’s dynamics, in which slow diffusive fluctuations of
the lengths of polymerized CO2 chains are apparent. By
contrast, hysteresis in the presence of a first-order phase
transition results from slow nucleation of the stable phase
in a background of the metastable one.
III. CONCLUSIONS
Cooperative adsorption of gases is of considerable sci-
entific and technological importance. Despite recent ad-
vances in developing materials in which cooperative ad-
sorption occurs [4–6], we lack a complete understand-
ing of how the phenomenon results from the interplay
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FIG. 3. (a) Schematic of our statistical mechanical model
of a diamine-appended MOF. Each site of the lattice can be
unoccupied (U) or occupied by individual CO2 molecules (S)
or molecules at the end (E) or middle (M) of polymerized
CO2 chains. Chains are held together by active (A) bonds,
while inactive (I) bonds connect all other sites. The rates for
changes of these states are given in Appendix B. (b) The
approximate curvature of the free-energy landscape of the
model, λ, (blue) influences its relaxation rate k (red) along
the adsorption isobar (gray). At the inflection point of the
isobar the flatness of the free-energy landscape results in slow
dynamics and the hysteresis seen in Fig. 2. The parameters
km ≈ 1.30× 10−9 s−1 and λm ≈ 0.267 are reference values of
k and λ, respectively; see Appendix B and Appendix C.
of gas molecules with their host framework. Building
on Ref. [15], this paper puts foward a molecular descrip-
tion of cooperative CO2 adsorption in the metal–organic
frameworks Mg2(dobpdc), using the hysteresis seen in ex-
periment as a means of distinguishing between two pos-
sible scenarios. Fundamental understanding of cooper-
ative adsorbers will enable the rational design of these
materials; for instance, analysis of the model allows us
to identify the gas-metal binding energies for which co-
operative adsorption occurs, and indicates how to move
the inflection point of the isotherm to desired values of
temperature and pressure. Fundamental understanding
of gas uptake will also allow the design of experimental
loading protocols that minimize dissipation [34], a first
step toward the design of energy-efficient industrial pro-
tocols.
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Appendix A: Experimental Methods
1. General Materials and Methods
All synthetic manipulations were carried out under air. All solvents and the diamine e-2 (N -ethylethylenediamine) were
purchased from commercial suppliers and used without further purification. The ligand 4,4’-dihydroxy-(1,1’-biphenyl)-
3,3’-dicarboxylic acid (H4dobpdc) was obtained from Hangzhou Trylead Chemical Technology Co. Ultra-high purity
gases (>99.998%) were used for all adsorption experiments.
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FIG. 4. Space x versus time t plot of a trajectory of our statistical mechanical model of e-2–Mg2(dobpdc), at reduced
temperature T ? = 0.24 (i.e. at the inflection point of the cooperative isotherm; see Fig. 3(b)). Green indicates unoccupied
sites or isolated CO2 molecules; blue indicates polymerized CO2 molecules. The slow dynamics associated with the diffusive
fluctuations of chain lengths results in the large relaxation times shown in Fig. 3(b) and the hysteresis shown in Fig. 2(b). The
right-hand panel is a zoom of the boxed region. See also Fig. A3.
2. Synthesis of e-2–Mg2(dobpdc)
The metal–organic framework Mg2(dobpdc) was synthesized, washed, and characterized following a previously re-
ported procedure [35]. Post-synthetic functionalization to prepare the diamine-appended framework e-2–Mg2(dobpdc)
was performed as reported previously [35]. The diamine loading was determined following literature procedure [35]
by collecting 1H NMR spectra of material digested with DCl (35 wt % in D2O) in DMSO-d6. Spectra were collected
on a Bruker AMX 300 MHz NMR spectrometer and referenced to residual DMSO (δ 2.50 ppm). The diamine loading
of as-synthesized e-2–Mg2(dobpdc) was found to be 125%, as determined from the ratio of the diamine to ligand peak
integrals. A representative diamine loading of 98% was determined following isobar collection. All adsorption data
were collected on individual aliquots of a single sample within one week of preparation.
3. Thermogravimetric Analysis
Adsorption and desorption isobars were collected using a TGA Q5000 thermogravimetric analyzer. A flow rate of 10
mL/min was used for all gases, and masses were uncorrected for buoyancy effects. Samples were activated at 120◦C
for 20 min under pure N2 before isobar collection. Isobars were measured under pure CO2 at atmospheric pressure
using a temperature ramp rate of 1◦C/min.
Appendix B: Simulations of the statistical mechanical model
We used the one-dimension version of the model of Ref. [15], sketched in Fig. 3(a), choosing energetic parameters
appropriate for the metal Mg. We simulated the model using the Next Reaction Method of Gibson and Bruck [33, 36],
whose computational cost per event scales as lnN for a lattice model of N sites. We allowed the range of processes
described in Table I, including the binding and unbinding of CO2 molecules, and the formation of bonds between
them. The stationary distribution of the Markov chain defined by these rates is the grand-canonical probability
density of the system.
The constants ω0 and  set the time- and energy scales of the system. The energy scale  = 22.6 kJ/mol is the binding
energy of a single CO2 molecule within the framework. Following Ref. [15], the binding constants of the gas molecules
in the occupied S, M, E states (see Fig. 3(a)) are ES = −1.0, EE = −2.592 and EM = −3.24. We set the activity
of the system to be βµ = −13.5. We set the barrier height for the site transition to Ebs = 0.5 and the barrier height
for all bond transitions to Ebb = , and verified via numerical simulations that small variations in these choices do
6not affect any of the conclusions of our work. For reasons of computational feasibility we performed the simulations
at a higher temperature range than the experiments.
We measured the relaxation rate k in our simulations, displayed in Fig. 3, as follows. The system is initially
equilibrated at a certain value of temperature T0 and activity or pressure P0, and has a CO2 occupancy ρ0. We then
make an abrupt change in temperature of the of the system. Following this change we measured the CO2 occupancy
ρ(t), averaged over 120 trajectories, until equilibrium is achieved. We compared the final density ρf measured in
simulations with exact analytical transfer-matrix calculations to ensure that the system has equilibrated. We fit
ρ¯(t) = (ρf − ρ(t))/(ρf − ρ0) to an exponential form e−kt, thus obtaining k. Values obtained in this way are shown in
Fig. 3. We determined the basic time scale of the system, ω0 = 210 s
−1, by equating the relaxation rate measured in
experiments (upon an abrupt pressure change) to the relaxation rate of our model k for a step change in pressure at
constant temperature.
Appendix C: Analytic treatment of the statistical mechanical model
As shown in Fig. 3, the curvature of the free-energy landscape of our statistical mechanical model is correlated with
the dynamical relaxation time of the model. Near the inflection point of the isobar the free-energy landscape is almost
flat, implying that the thermodynamic driving force for polymerized CO2 chains to grow or shrink is small. In this
section we detail our calculation of the curvature of the model’s free energy.
The grand partition function of the model is given by
Z =
∑
{n1,nint,nend}
Kn11 K
nend
end K
nint
int Γ(n1, nint, nend), (C1)
where
Γ(n1, nint, nend) =
(N − nint − nend/2)!
(N − n1 − nint − nend)!(nend/2)!n1! ·
(nend/2 + nint − 1)!
(nend/2− 1)!nint! (C2)
is the number of ways of arranging n1 single molecules, nint internal chain molecules, and nend chain end-points on a
one-dimensional lattice of N sites. The quantity Kα, with α ∈ {1, int, end}, is the statistical weight of a CO2 molecule
in conformation α. The free energy in the thermodynamic limit is
Event Rate
U→ S ω0 exp[β(µ− Ebs)]
S→ U ω0 exp[β(ES − Ebs)]
SS[I]→ EE[A] ω0 exp[−βEbb]
EE[A]→ SS[I] ω0 exp[β(2(EE − ES)− Ebb)]
EE[I]→ MM[A] ω0 exp[−βEbb]
MM[A]→ EE[I] ω0 exp[β(2(EM − EE)− Ebb)]
SE[I]→ EM[A] ω0 exp[−βEbb]
EM[A]→ SE[I] ω0 exp[β(EM − ES − Ebb)]
ES[I]→ ME[A] ω0 exp[−βEbb]
ME[A]→ ES[I] ω0 exp[β(EM − ES − Ebb)]
TABLE I. Model rates: see Fig. 3(a). We allow processes involving single sites (first two lines) or pairs of neighboring sites and
their adjoining bond (subsequent lines). The energetic parameters are ES = −1.0, EE = −2.592 , EM = −3.24, βµ = −13.5,
Ebs = 0.5, and Ebb = . Here β = /(kBT ). The parameter  = 22.6 kJ/mol is binding energy of a single CO2 molecule in the
MOF, obtained using quantum mechanical density-functional theory [15].
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FIG. A1. As Fig. 2(b), for different rates of temperature scan. Experiment and simulation are qualitatively consistent.
f(x1, xint, xend) = −(1− xint − xend
2
) ln(1− xint − xend
2
)
− (xint + xend
2
) ln(xint +
xend
2
) + x1 lnx1 + xint lnxint + xend ln
xend
2
+ (1− x1 − xint − xend) ln(1− x1 − xint − xend), (C3)
where xα, with α ∈ {1, int, end}, is the fraction of CO2 molecules in conformation α.
The Hessian H is a 3× 3 matrix built from the three variables x1, xint, and xend, with matrix elements
Hαβ =
δ2f(x1, xint, xend)
δxαδxβ
∣∣∣∣∣
min
, (C4)
evaluated at the free-energy minimum.
For a given pressure (the statistical weight Kα is proportional to the pressure), we evaluated Hαβ at the equilibrium
values of x1, xint, and xend, and calculated the three eigenvalues. We find that the smallest eigenvalue, called λ in
Fig. 3(b), is small at the inflection point of the isobar, indicating that there is no strong thermodynamic driving force
for the growth or decay of ammonium carbamate chains. As a result, the dynamics of the model becomes slow, and
we show in Fig. 3(b) that the minimum relaxation rate k occurs near the minimum of λ.
Appendix D: Additional figures
• In Fig. A1 we show experiments and simulations similar to Fig. 2, but for different rates of temperate scan.
• In Fig. A2 we show uptake vs chemical potential at constant temperature. At each value of chemical potential
the system evolves for an observation time of 108 before the chemical potential is changed. The dashed line gives
the exact equilibrium density and is computed using transfer matrices. The behavior of the scanning curves is
qualitatively similar to the case of uptake versus temperature at fixed pressure.
• In Fig. A3 we show space-time plots of the model at three different points on the curve shown in Fig. A2.
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FIG. A2. As Fig. 2(b), but as a function of chemical potential βµ instead of temperature; the behavior is qualitatively similar.
Model parameters: Es = 1.0, Em = 2.5, Et = 2.0 and T
∗ = 0.175.
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FIG. A3. Space-time plots of the model under a sudden change of chemical potential to the values (a) βµ = 29.14, (b)
βµ = −28.57, and (c) βµ = −28.0, which lie at and on either side of the inflection point of the curve shown in Fig. A2. Green
represents unoccupied sites or isolated CO2 molecules; blue represents polymerized CO2 molecules. The right-hand panels are
englargements of the boxed regions.
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